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I.

INTRODUCTION

The increasing demand for protective metals as coatings and
non-corrosive alloys has stimulated extensive research on the
fundamental behavior of metals in corrosive media.
One of the problems still unsolved is the nature of the mechanism
of the anodic dissolution of metals like zinc, magnesium, beryllium,
cadmium, and aluminum in aqueous salt solutions.

Several schools of

investigators have proposed different and opposing theories to explain
the discrepancies which often arise between coulometric data and the
weight loss of metal electrodes in certain salt solutions.
The purpose of this investigation was to obtain experimental
data for the anodic dissolution of zinc in various electrolytes, namely
potassium chloride, sulfate, and nitrate, and to arrive at a mechanism
consistent with the results
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literature review

The anodic dissolution of zinc in aqueous solutions has been inves
tigated and several mechanisms have been proposed.

This review will be

confined to the effect of various electrolytes on the behavior of zinc
and related metals undergoing anodic dissolution.
When either zinc or cadmium is forced to anodically dissolve in
aqueous neutral salt solutions containing nitrate, chlorate, or per
chlorate ions, the number of coulombs required to dissolve one gram
equivalent of metal is always less than the amount calculated from
Faraday* s Law, assuming zinc and cadmium to have a normal oxidation
state of plus two.

Other metals, namely beryllium, magnesium, aluminum,

indium, gallium, thallium, iron, and titanium exhibit this property in
various electrolytes.

Several mechanisms have been proposed to explain

this unusual behavior and they appear in the literature.
The first mechanism, the concept of an "uncommon valence", was
proposed by Epelboin (l) who reported that zinc dissolves anodically
in the presence of perchlorate ion with an apparent valence number of
1.^0.

This value was obtained both from the weight loss of the zinc

electrode and from the amount of chloride ion formed from the reduction
of the perchlorate ion.
Davidson, Kleinberg and co-workers have given considerable support
to the uncommon valence theory for zinc and cadmium (2) and other metals
(3-6).

They calculated the initial valence number (V^) of a metal

undergoing anodic dissolution in various electrolytes using the active
metal as the anode and platinum as the cathode.

The electrolytic cell
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was connected in series with a full-wave rectifier (the current source),
a silver coulometer, and an ammeter.

The initial valence number, V^, of

metallic ions formed was calculated by means of the equation:
v
i

= (Wt. of Silver deposited in coulometer) (At. Wt. of Metal)
(107.88) (wt. of Metal lost from Anode)

The value of
be around

1

for zinc dissolving in a 3$ KNO^ solution was found to

1.87 at room temperature and decreased linearly with increasing

temperature.
The results were explained on the hypothesis that the primary
reaction at the metal anode consists of a stepwise oxidation, the first
step being the oxidation of the metal to the unipositive ion:
M = INT*” +

2

e” (at the electrode)

The unipositive ion would be expected to be very unstable and would
readily form the normal bipositive ion.
second step can occur:

There are two ways in which this

one is by further electrolytic oxidation at the

anode, the other is the chemical oxidation by the oxidizing agent in
solution.

or

Therefore, the second step might be either
V& =
+ e“
.
W + oxidant =

3

(at the electrode)
A
+ reductant (in solution)

With nonreducible electrolytes reaction

4

cannot occur, and conse

quently an initial mean valence number of two would be observed.

With

reducible electrolytes, however, the two possible mechanisms of the second
step are competitive; which one will predominate depends on the nature of
the oxidizing electrolyte and the conditions of the experiment.
initial mean valence might then range from
relative extents of the reactions

The

+1 to + 2 , depending upon the

2 , and 3 which in turn depend upon
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the concentration of the oxidizing electrolyte and the temperature.
Reaction

would be expected to increase with increasing concentration

of the oxidant and temperature.
Analysis at the end of a run carried out in

3$ NaNO^ revealed the

presence of nitrite ion, thus proving the reducing power of the initial
corrosion product.

Attempts to qualitatively detect the presence of the

unipositive species were unsuccessful.

The formation of a grey-black

film on the surface of the zinc anode after electrolysis in NaN03 was
reported but no further mention was made of its possible significance.
A second mechanism of anodic dissolution recently proposed by
Marsh and Schaschl (7 ) is termed the Mchunk effect” .

They suggest that

when steel dissolves anodically at a high rate, the corrosion proceeds
with the removal of ”chunks of iron” containing several atoms.

There

fore, under anodic conditions, the metal does not dissolve as predicted
by Faraday's Law because of the expulsion of metallic particles.

Del

Boca (8 ) proposed a similar mechanism for zinc, cadmium, and aluminum
in which the dissolving metal entered solution by the formation of
complex ions such as Zn*Zn+^, Cd'Ccf1"^, or Al2 *Al+ ^.
When beryllium is anodically dissolved in aqueous salt solutions,
a residue of the metal is observed in the anolyte.

This was credited

by Laughlin and Davidson (5) to nucleation of the metal arising from
disproportionation of the univalent beryllium to form metal and the
normal divalent ion.
Later Straumanis and Mathis (9), using optical methods with high
magnifications, established that beryllium metal aggregates in the
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anolyte did not originate from nucleation but from anodic disintegration
of the metal.

Under a high power microscope, they observed large

numbers of deformation twins in the metallic residue and on the surface
of the electrode.

Since deformation twins arise in the castings as

a consequence of stresses set up due to temperature gradients and do
not occur in nucleation, their studies provided conclusive proof of
the orgin of the particles.

Furthermore if particles entered solution

independently of the electrical circuit, apparent valencies of less
than normal must be observed.
A third mechanism was suggested by Hoey and Cohen (10) for mag
nesium metal in neutral salt solutions.

They showed by optical examin

ation and x-ray analysis that a film of Mg(0H)2 containing a lattice
of very small magnesium particles formed at the surface of the metal
anode.

Thus the corrosion rate would be film controlled, that is, with

the passage of an anodic current, the hydroxide film would be partially
spalled off the surface carrying the metallic particles with it.

The

small particles would be rapidly oxidized by either water
Mg*Mg(0H>2

+

2H20

2Mg(0H)2

+

H2

5

or by an oxidizing electrolyte
Mg*Mg(0H)2

+

oxidant

Mg (0H)2

+

Mg+ ^

+

reductant

The film controlled theory for Mg has received much support from
Robinson and King (ll), Higgins (12), Roald and Beck (13)> Straumanis
and Bhatia (1^), and James et al (15)*
Greenblatt (16,17) supported the uncommon valence theory for
magnesium (3) 'until recently (18).

He dissolved magnesium anodically

6
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and cathodic ally in a ^
molar ratios.

NaCl solution containing D2O and H2O in definite

Gases evolved at magnesium anodes and magnesium cathodes

were seperately collected and analyzed mass spectrographically.

The

gases were fround to be of approximately the same composition, regard
less of where they were formed.

This indicated the electron transfer

mechanism at either a magnesium anode or cathode to be the same.
If the reaction of univalent magnesium ions were involved, an
entirely different reaction, depending on the specific properties of
the univalent ion postulated, would be taking place.

Thus, he sug

gested that the gas discharge reaction at the anode involved local
cathodes.
As a mechanism Greenblatt suggests that as magnesium ions leave the
metal lattice a finite time is required for them to diffuse through
the oxide film (10) creating an excess of positive ions.

The film

with excess positive ions must also have an equal number of anion
vacancies.

To obtain electrical neutrality, electrons flow across the

film, filling the anion vacancies and do not pass through the external
circuit.

Thus, the amount of current measured through the external

circuit is deficient due to this flow of electrons through the film.
This results in a greater amount of metal being dissolved than the
number of coulombs passed through the external circuit would indicate.
The electrons flowing through the film at the anode would react
with water to produce hydrogen in the same manner as they would at the
cathode
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III.

EXPERIMENTAL

The experimental plan consisted of the following major phases:
1.

the effect of various electrolytes on the apparent valence of zinc

undergoing anodic dissolution, 2.

the effect of a nitrate solution

on an amalgamated zinc anode, and 3*

the study of surface films formed

on a zinc anode while dissolving in nitrate solutions.
The description of each phase will include apparatus, method of
procedure, data results, and sample calculations.
Materials
The list of materials used is given in the Appendix, page

1.

38•

The Effect of Various Electrolytes on the Apparent Valence of Zinc

Undergoing Anodic Dissolution.
Apparatus.

The apparatus consisted of a reactor flask of hOO

milliliters capacity, an electric stirrer, and an electrolytic cell
consisting of a zinc electrode, a sensitive milliammeter, a decade type
resistance box with graduations from

0 to 9999 ohms in one ohm divisions,

two general purpose dry cells (l.5v.), a knife switch, and a carbon
cathode, all connected in series.

A pipette constructed to deliver

2 milliliters at 20° C. was used to withdraw aliquots from the reactor
flask and a micro burette of

10 milliliters capacity with 0.05 mil

liliter graduations was employed to measure the zinc content of the
aliquots.

The reactor flask was immersed in a constant temperature

water bath, described in the Appendix, page 39» which was controlled
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to within t

0 .10° C.

Procedure. A specimen with a cross sectional area of about l.Vl
square centimeters was cut from a bar of zinc metal of
purity.

99*99 percent

It was then mounted in lucite by means of a metallographic

mounting press.

The zinc electrode was prepared by drilling a hole

in the lucite and inserting a copper wire.

The wire was fastened to

the metal to provide a good electrical contact.

A glass rod was then

placed over the wire and sealed to the lucite with beeswax.

The

electrode was polished immediately before each run according to the
procedure listed in the Appendix, page
of a

. Two hundred milliliters

3 percent solution of the electrolyte was quantitatively trans

ferred to the reactor flask by means of a

100 milliliter pipette.

The reactor flask was then placed into the constant temperature bath
in such a position as to insure the submergence of the solution.

The

solution was allowed to remain in the water bath for about one hour
to bring the system to constant temperature before starting a run.
The mounted metal anode and the carbon cathode were then immersed into
the reactor flask and connected in series with the external circuit.
The knife switch was closed and the current was kept at a steady rate
by means of the resistance box.

A timer and the milliammeter were

used for measuring the number of coulombs (amp seconds) passed.

A

2 milliliter aliquot was withdrawn at different time intervals,
diluted to approximately

200 milliliters with distilled water,

heated to about 80°C., buffered to a pH of 10, and titrated with a
standard disodium E.D.T.A. solution using the organic dye Erichrome
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Black-T as an internal indicator.

The disodium E.D.T.A, solution had

been previously standardized against a weighed amount of pure zinc
obtained from the same bar as the mounted specimen.

The time was

recorded in seconds, the current in amps, and the weight loss of the
zinc anode (determined by the titration described above) in grams.
The procedure employed was the same for all electrolytes.

A detailed

description of the procedure employed for standardizing the disodium
E.D.T.A. is the Appendix, page ^1.
Data and Results.

As the valence studies were carried out in

potassium chloride, sulfate, and nitrate, a brief summation of the
results for each electrolyte follows separately.
Potassium Chloride.

The anodic dissolution of zinc in potassium

chloride was carried out in a

3 percent (by weight) solution at a

current intensity of

0.030 ^ 0.001 amps per 1.^J4 square centimeters

and a temperature of

25 .0 - 0.10° C. Data for this run are shown in

Table I, page 10.

The average value for the apparent valence is 2.01 -

0 .02 , indicating that zinc anodically dissolves to form its normal
oxidation state of plus two in chloride solutions.
Potassium Sulfate.

Zinc was anodically dissolved in a 3 percent

solution of potassium sulfate at a temperature of 25. 0 - 0.10° C. and
a current intensity of

0.100 1 0.001 amps per l.*l4 square centimeters.

The average value for the apparent valence of zinc under these conditions
is 2.00 t 0.02.

Table II, page 11 includes the data taken during this run.

Potassium Nitrate.

The anodic dissolution of zinc in

3 percent,

solutions of potassium nitrate was observed at four different temper
atures (25»0, 51*0> 6l.0, and

69.0 - 0.10° C.) and at current intensities
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Table I

Apparent Valence for Zinc Dissolved Anodically in 3 Percent KC1 at 25° C.

Time

Current

Wt. of Zinc

Apparent Valence

sec

amp

Expt. m

557*+

0.030

0.0566

0.0566

2.00

6985

0.030

0.0721

0.0710

1.97

11645

0.030

0.1144

0.1184

2.0 6

11932

0.030

0.1206

0.1212

2.01

Calculated gm

Ave. 2.01
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TABLE II

Apparent Valence for Zinc Dissolved Anodically in

Time
sec

Current
amp

wt.
Expt. gm

of Zinc

3 percent K-pSOa, at 2 5° C.

Apparent Valence

Calculated gm

3610

0.100

0.1229

0.1223

1.99

i±6k7

0.100

O .1570

0 .157^

2.00

5603

0.100

0.1919

0.1898

1.98

6630

0.100

0.2089

0.2144

2.05
Ave. 2.00
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of 0.100,

0 .050, 0.040, and 0.100 ± 0.001 amps per 1.44 square centimeters

respectively.

The data are shown in Tables III and IV, pages 13 and 14.

The apparent valence decreases considerably with increasing temperature,
ranging from I .87 at 25*0° C. to 1.49 at

69.0° C. A graphical represent

ation of these results (Figure 1, page 15) shows a linear relationship
between the apparent valence and the temperature.

A qualitative test

for nitrite ion at the end of a run at 25.0° C. (see Appendix, page 42
for detailed procedure) indicated the presence of nitrite ion.
During the runs in potassium nitrate, the current decreased
steadily for approximately 5 minutes.

This was corrected by decreasing

the resistance of the external circuit using the resistance box.

Re

moval of the zinc anode at the end of a run revealed the presence
of a black film which turned completely white after about five minutes
exposure to the atmosphere.

A white precipitate was also observed in

the reaction flask at a position directly below the vertical zinc anode.
All results obtained in this phase of the investigation are in
agreement with the work of Sorenson and Davidson (2 ).
A single crystal of zinc prepared by a zone refining process
was anodically dissolved in

3 percent potassium nitrate at 60° C.

The apparent valence exhibited during this run was 1.55*

Compar

ison of this Value with that of I .56 for polycry staline zinc elec
trolyzed at 6l° C. shows negligible difference between their behav
ior under these conditions.
pure.

The single crystal was

99*95 percent
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Table III

Apparent Valence for Zinc Dissolved Anodically in 3 percent KNCK at

Time

Current

sec

_____ amp „

Wt. of Zinc
Expt. m

Apparent

Calculated gm

1400

0.100

0.0507

0 .0^7^

1.87

3^70

0.100

0.1282

0.1176

1.84

4-320

0.100

0.1562

0 .1^63

1.87

5130

0.100

0.184-3

0.173?

1.89
Ave.

1.87

2 5°C.
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Table IV

Effect of Temperature on the Apparent Valence of Zinc Dissolved Anodically
in

Time
sec

Current
amp

3 Percent KNO^.

Wt. of Zinc

Temperature

Expt. m Calc, gm

deg C.

Apparent Valence

i860

0.050

O.O379

O.O315

51.0

1.66

1175

0.040

0.0204

0.0159

61.0

1.56

1100

0.100

0.0500

0.0373

69.0

1.49

apparent

valence
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Figure 1.

Apparent Valence as Function of Temperature for
Zinc Dissolving Anodically in 3 Percent KNO~.
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Sample Calculations.

The method used for calculation or apparent

valencies in potassium chloride, sulfate, and nitrate was the same.
Calculation of Apparent Valencies.

The data for the anodic dis

solution of zinc in 3 percent potassium nitrate at 6l.O ^ 0.10° C.
(Table IV, page 1^) have been used to illustrate the calculations
involved in this part of the experimentation.
Calculation of the Apparent Weight of Zinc Dissolved from Coulombic
Data. The apparent weight of zinc dissolved according to Faraday’s
Law, assuming the normal oxidation state of plus two, was calculated
as follows:
Wt. Zinc (apparent) =

* Z^ C"^

where:
t = time interval of the run =

1,175 sec

I = current = 0.0^0 amp
At. Wt. Zinc

= Atomic Weight of zinc =

65.38 gm

F = Faraday Constant = 96,500 amp sec
n = normal cationic charge of zinc = +2
therefore:
Wt. zinc (apparent)

= ^(96^ 500)

= 0.0159 gm
Calculation of the Apparent Valence.

The apparent valence was

calculated simply by means of the equation:
V

= (N) (At. Wt. zinc)
(f )(Wt. zinc Expt.;

where:
N = the number of coulombs passed = (t) (I) = 0.020^ gm
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equation 8 now reduces to:
y _ (Wt. zinc apparent) (2)
(Wt . zinc Expt.)

2•

= (0 .0159)(2 ) = 1.56
(0 .02*
The Effect^of a Nitrate Solution on an Amalgamated Zinc Anode.
Apparatus.

The apparatus used was the same as described in the

previous section.
Procedure.

The zinc electrode was ground and polished as des

cribed previously, then amalgamated by bringing the exposed metal
surface in contact with a few drops of chemically pure mercury on
a watch glass.

In order to insure coverage of the entire surface

of the zinc by the mercury, a backward and forward motion was employed
until observation under a microscope revealed the absence of any
exposed portions of the metal.
Rians were then made in
at

25.0 and 58.0

3 percent solutions of potassiurannitrate

0.10° C. and a current intensity of 0.100 t 0.001

amps per 1.44 square centimeters.

The same procedure as described in

the previous section was used for each run.

The zinc anode was ground,

polished, and freshly amalgamated before each run.
Data and Results.
VI, pages 18 and 19.

The data collected are shown in Tables V and
The average values for the apparent valence

of zinc are 2.00 - 0.02 and 2.03 - 0.04 at 25*0 and 58.0° C. respect
ively.

Qualitative tests for mercuric ion using thioacetamide and for

nitrite ions (described previously) indicated that neither ware present.
Observation of the amalgamated zinc electrode at the end of a run
indicated the absence of any film on the surface of the metal.
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Table V

Time

wt. of Zinc

Current

Apparent Valence

Calculated gm

amp

Expt. gm

17^0

0.100

0.0600

0.0589

1.96

1965

0.100

O.O678

0.0666

1.96

2620

0.100

0.088^

0.0888

2.01

2775

0.100

0.09^9

0 .09^0

1.98

3610

0.100

0.1211

0.1223

2.02

372^

0.100

0.1269

0.1261

1.99

^706

0.100

0 .161^

0.159^

1.98

572^

0.100

0.1951

0.1939

1.99

6529

0.100

0.2196

0.2217

2.02

8^17

0.100

0.2817

0.2851

2.02

sec

Ave.

2.00
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Table VI

Apparent Valence for Zinc Amalgam Dissolved Anodically in 3 Percent KNO^ at 58° C.

Time
sec

Current
amp

Wt. of Zinc
Expt.

Apparent Valence

Calculated gm

2633

0.100

0.0903

0.0892

1.98

8455

0.100

0.273^

0.2864

2.09

11900

0.100

0.3896

0.3910

2.01
Ave. 2.03
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Sample Calculations.

The same method for calculating the apparent

valence was used as described in the first section.
3.

The Study of Surface Films Formed on a Zinc Anode While Dissolving

in Nitrate Solutions.

During the anodic dissolution of zinc in

aqueous potassium nitrate, it has been reported that a black corrosion
product is formed on the surface of the metal (2 ).

Qualitative

studies were carried out to produce the black film, to determine its
composition, and to observe its behavior during electrolysis.
Electrolysis was carried out in 3 percent potassium nitrate
solutions.

The current was varied from 20 to 100 milliamperes per

square centimeter surface area.

The metal surface became completely

covered with the black film after about thirty seconds.
densities ranging from

At current

50 to 100 milliamperes per square centimeter

small portions of the deposit were spalled off the surface, immediately
turning white.

An x-ray analysis of this white deposit was made

using a Straumanis asymmetric powder diffraction camera with copper
radiation (K^ = 1,5^2 A°).

The sample was irradiated for 90 minutes.

Comparison of the experimental values for the ■d" spacings with
values in the A.S.T.M. file, shown in Table VII, page 21, revealed
that the white precipitate was ZnO.
In order to isolate the dark film, it was necessary to immerse
the electrode in diy acetone.

This removed the moisture which

readily reacts with the dark deposit, turning it white.

After

immersion in acetone, however, the dark film partially flaked off
the electrode and remained stable for months.

This portion

which

flaked off the electrode was collected and viewed under a microscope,
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Table VII

Identification of White Residue Formed During the Anodic Dissolution of Zinc
in 3 Percent KNO, at 25° C.

A.S.T.M. Values for ZnO

Experimental Values
ttd" Spacings A°

x /ll

2.48

100

2.48

100

2.81

70

2.82

71

2.61

50

2.60

56

"d” Spaeings A0

1 /1 ,

using oil immersion, at

850 magnification.

In reflected light,

a multitude of bright metallic particles were observed in a matrix
of the corrosion product.

The size of these particles was of the

order of 1CT-5 centimeters.

The accompanying photomicrograph (Figure

2 , page 23) shows these metallic particles in the corrosion product.
Observations were also made of a portion of the deposit which had
been partially oxidized resulting in a dark grey appearance.
transmitted light, using oil immersion at

In

1^30 magnification, certain

portions of this deposit were black whereas in reflected light the
corresponding portions appeared as bright, highly reflecting particles
(Figures 3 and k 9 page 2 k ).
As another means of identification, the darkest flakes were
subjected to x-ray analysis.

A Straumanis asymmetric powder dif

fraction camera with copper radiation (Ka

= 1.5^2) was used.

An

aluminum screen was employed to eliminate fluorescence which originally
covered several lines.

The analysis yielded values for MdM spaeings

corresponding to the values for metallic zinc and Zn(0H)£ (Table VIII,
page

26).

The first two diffraction lines for Zn(0H)2 were partially

shielded by fluorescence which could not be entirely eliminated.
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Figure 2.

The Zinc Particles that Appear in
Hydroxide Film During Anodic Dis
solution of Zinc in 3 Percent Po
tassium Nitrate At 25° C.
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1430x

Figure 3*

Zinc Particles as They Appear in Transmitted Light.
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Table VIII

Identification of Dark Corrosion Product Formed During the Anodic Dissolution
of Zinc in 3 Percent KNO^ at 25° C*

Experimental Values
"d" Spaeings A0

A.S.T.M. Values for Zn and Zn(OH)£

.---I/1!

”dM Spaeings A0

I/I.

2.09

100

Zn

2.08

100

Zn

2 .^7

^5

2.47

53

Zn

2.31

40

2.31

40

Zn(0H)2

^.39

20

4.38

100

Zn(OH)2

3.29

10

3.27

80

Zn(OH),

2.72

20

2.71

50

*
*

* fluorescence shielded lines
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A run was then made by dissolving zinc anodically in 200
milliliters of
of

3 percent potassium nitrate at a current intensity

0.050 amps per l.*l4 square centimeter surface area and a temp

erature of 51° C.

After about five minutes the solution became

cloudy (due to precipitation of ZnCOH)^)*

Electrolysis was carried

out for i860 seconds, then the circuit was opened, the electrodes
removed, and the solution was allowed to stand until it was clear
(about 10 hours).

The pH was measured with a Beckman pH meter and

the weight of zinc in the aqueous phase was determined by withdraw
ing 2 milliliter aliquots and titrating with disodium E.D.T.A. as pre
viously described.

One milliliter of O.3O M nitric acid was added

to dissolve the hydroxide precipitate.

Aliquots were again withdrawn,

titrated, and the total weight loss of the zinc electrode was de
termined.
Data and results.

The data taken in the previous run are given

in Table IX, page 27; the results are as follows:

1 . Wt. Zn(0H)2 j experimental = 0.05716 gm
2.

Wt. Zn(0H)2 , calculated = 0.0^783 gm

3•

Difference between apparent and actual Wt. of zinc dis
solved, expressed as gm ZntOH)^ calculated =

2 + 3 = 0*05751 gm
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TABLE IX

Analysis of Hydroxide Deposit Formed When Zinc Dissolves Anodically
in 3 Percent KN0o at $1° C.

Time
sec
i860

Current

PH

amp

0.050

Wt. of Zinc(Expt.)
Total gm

8.70

0.3787

Wt. of Zinc(Calc.)

Aqueous Phase gm

gm

0 .00026^

0.03150

-28-

Sample Calculations*
Wt. Zn(OH)^ Experimental.

The actual weight of zinc precip

itated as ZnCOH)^ on the basis of titration with EDTA is calculated
as follows:
Wt. Zn(OH) 2 Exptl.

/„.
„ ...
.
= (Wt. zinc Exptl. - zinc m

, \ (Mol. Wt. Zn(OH)J
sol.)
'■— rr-- r r i2i
(At. Wt. zinc)

where:
Wt. zinc Exptl. = the actual weight of zinc
dissolved = O.O3787 gm
Wt. zinc in sol.

= weight of zinc in the aqueous
phase =

0.00026 gm

Mol. Wt. Zn(0H )2 = molecular weight of Zn(0H )2
= 99.38 gm
therefore:

=
Wt. ZnCOH)? Calculated.
phase at a pH of

0.05716 gm

The weight of zinc in the aqueous

8 .7 O calculated from the solubility product of

lated weight of Zn(OH)2 based on the number of coulombs passed
is expressed as follows:
Wt. Zn(OH)2
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where:

Wt, zinc apparent = the apparent weight of zinc
dissolved based on a valence
of +2
=

0,03150 gm

therefore:
Wt. Zn(OH)2

= (0.03150)(| | ^ )

= 0.04783 glfl
Calculation of the Difference Between the Apparent and
the Actual Wt, of Zinc Dissolved, Expressed as Grams of Zn(OH)p.
This value is the amount of zinc dissolved in excess of that amount predicted from Faraday’s Law assuming a cationic charge of
plus two for zinc.
Wt. excess Zn(0H)2
= (Wt. zinc Exptl. - Wt. zinc apparent)

= (0.03787 - 0 .3 1 5 0 )^ | | ^ |

= 0.00968 gm

* W t ~'zinc!^^
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DISCUSSION

Preliminary studies were made to obtain values for the
apparent valence of zinc dissolving anodically in

3 percent sol

utions of potassium chloride, sulfate, and nitrate.
In potassium chloride and sulfate, values of 2.01 - 0.02 and
2.00

t 0.02 for the apparent valence (Tables I and II, pages

confirm the studies of Sorenson, Davidson, and KLeinberg (2), that
anodic dissolution of zinc in non-oxidizing electrolytes involves
only the formation of bipositive ions.
in

Anodic dissolution of zinc

3 percent potassium nitrate, however, results in valences which

are less than two (1.87 ± 0.01) at 25° C. and decrease linearly
with increasing temperature (Table IV, Page 1^ and Figure 1, Page
16).

These results are also in agreement with Sorenson et al, for

zinc dissolving in sodium nitrate.
During electrolysis in potassium nitrate, a dark corrosion
product formed on the surface of the zinc electrode but was not
present in either potassium chloride or potassium sulfate solutions
Hoar(l9) suggested that the mechanism of anodic dissolution of
zinc be studied by the use of a zinc amalgam electrode.

The amalga

mation would prevent the disintegration of the electrode and the
formation of films such as are observed when the metal anodically
dissolves in electrolytes containing nitrate ions.

The formation

and diffusion of zinc ions of any valence, however, would not be
prevented by the amalgamation.
Accordingly, an amalgamated zinc electrode was prepared and
electrolyzed in

3 percent potassium nitrate. Values obtained for
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the apparent valence (2.00 1 0.02 and 2.03 - 0.0^4- at 25»0 and 58.0
- 0.10° C. respectively) showed agreement between the faradiac equi
valent obtained from the current based on bipositive zinc ions and
the amount of zinc dissolved as determined by titration with E.D.T.A.
(20).

A qualitative test after extensive electrolysis confirmed that

no mercury ions were present in solution, indicating that the amalgam
was stable.

Further tests also showed that nitrite ions were absent,

confirming the absence of corrosion products with reducing power.
Thus it appears that the concept of uncommon valence states is inade
quate to explain the difference in behavior between a zinc and an
amalgamated zinc electrode dissolving anodically in nitrate solutions.
The studies carried out with a zinc amalgam electrode aroused
interest in the dark corrosion product formed on zinc which was only
present when apparent valencies of less than two occurred, namely
in nitrate solutions in the absence of an amalgamated surface.
Accordingly, the black corrosion product was produced by elec
trolyzing zinc in
density of

3 percent potassium nitrate at 25° C. and a current

0.030 to 0.100 amps per square centimeter surface area.

About 2 to 5 minutes were required for complete coverage of the surface
of the metal by the film.

At higher current densities the dark deposit

was continually spalled off the surface in small portions, immediately
turning white and settling to the bottom of the reaction vessel.

An

x-ray analysis of this white deposit proved it was ZnO (Table VII,
page 21).

The dark film could be preserved only by removal of all

moisture, otherwise it turned white immediately after current had
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ceased to flow*

The moisture was removed by immersion of the zinc

electrode into dry acetone; this caused small portions of the dark
deposit to flake off the electrode*

Observation of those portions,

which were spalled off into the acetone, in reflected light at high
magnifications, revealed many tiny metallic particles in the matrix
of the dark deposit.

A lighter portion of this deposit showed that

the darkness visible to the eye was attributable to these particles.
An x-ray analysis of this dark deposit produced diffraction lines for
zinc and Zn(0H)2 , the lines for zinc being very intense, suggesting
that zinc particles are present in sufficient amount to account for
differences between weight loss determinations and coulombic data.
Thus it appears that a more likely mechanism is that the reaction
of zinc in nitrate solutions is film controlled (10).

The film which

is continuously expelled from the electrode surface contains many
metallic particles originating from disintegration of the zinc anode.
These particles, possibly due to their size, are very active and are
oxidized immediately by nitrate ion or by water to form in
soluble Zn(0H )2 followed by the oxidation of hydrogen to water.

Zn + NO3 + H20 = Zn(0H)2 + N02

9

Zn + 2H20 = Zn(OH)2 + H2

10

NO- + H2 = H20 + N02

11

The rate at which the film is expelled from the surface of the
metal might be expected to increase with temperature, explaining
the lower values for the apparent valence of zinc at higher temperatures
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A final semi-quantitative study was made to determine how much
zinc, as Zn(0H) 2 , in excess of the calculated amount based on Fara
day’s Law, was present in a hydroxide precipitate after extensive
electrolysis in potassium nitrate.

Results confirmed that the amount

of zinc present as hydroxide was enough to account for the difference
between the amount of zinc dissolved based on a valence of plus two
and the actual weight loss of the zinc electrode.
the zinc particles are oxidized, as in equation

That is, assuming

9 Qr 10 , to form zinc

hydroxide, there is enough present in insoluble form to account for
the amount of zinc dissolved in excess of the faradaic equivalent and
the amount of zinc precipitated taking into account the solubility
product of zinc hydroxide.
Experiments carried out using a single crystal of zinc as an
anode gave results in complete agreement with those obtained from
polycrystalline zinc.

This is somewhat surprising in view of the fact

that one might expect the mechanical and structural properties of the
metal to have a pronounced effect on the adherence of the film and
the rate of disintegration as well as film spalling.
Recommendations
In this investigation, the apparent valences for zinc in potassium
chloride, sulfate, and nitrate were determined.

A study of the mechanism

for zinc in solutions containing chlorate and perchlorate ion would be
of considerable value as zinc was reported (2) to exhibit apparent
valencies of less than two when anodically dissolved in solutions con
taining these ions

-3^-

Studies using a horizontal zinc electrode might give some in
formation concerning the rate at which the film studied in this in
vestigation is spalled off the surface of zinc.

One might expect the

values for the apparent valence to become closer to two when a hori
zontal rather than a vertical electrode is employed, due to a possible
decrease in the rate of film expelled.
An investigation of the reducing power of the corrosion product
(for zinc dissolved anodically in potassium nitrate solutions) by
means of a quantitative measurement of the amount of nitrite ion
formed would be helpful in checking the material balance of the film
controlled mechanism, (equation

9 )«

Limitations
Temperature. When runs were made at higher temperatures, the volume
of the reacting solution was assumed to remain the same.

However,

at temperatures around 50° C., some evaporation will occur changing
the concentration of zinc from time to time.
EDTA Titration. As the runs at higher temperatures had to be
made at shorter time intervals, the total volume of the disodium EDTA
was sometimes less than one milliliter.

Thus, even using a micro

burette, an error of one drop in titration could introduce a relative
error of from

2 to 4 percent.
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V.

S U M A R Y AND CONCLUSIONS

The purpose of this investigation was to obtain experimental
data for anodic dissolution of zinc and to determine whether zinc
enters solution with valencies less than two.
The anodic dissolution of zinc was studied in potassium
chloride, sulfate, and nitrate.

A titration with disodium E.D.T.A.

was used to determine the weight loss of the zinc electrode during
electrolysis.

The temperature was controlled by means of a

constant-temperature water bath.
of a sensitive milliammeter.
temperature was varied from

The current was measured by means

In potassium nitrate solutions, the

25.0 to 69.0° C. and an amalgamated zinc

electrode was used for several runs.

The surface film formed on zinc

while dissolving anodically in potassium nitrate was studied.
This led to the following results:
(1) In potassium chloride and potassium sulfate, zinc
exhibits a normal valence of plus two; in potassium
nitrate, however, apparent valences less than two occur,
becoming smaller with increasing temperature.
(2) When amalgamated zinc is anodically dissolved in potassium
nitrate, valencies of only plus two are exhibited, regard
less of temperature.
(3) A dark corrosion product forms on zinc during electrolysis
in nitrate solutions but does not form when the electrode
is amalgamated or in chloride and sulfate solutions.
This dark film is composed of many small metallic zinc
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particles imbedded in a matrix of Zn(0H) 2 * At higher
current densities this film is partially spalled off the
electrode, immediately turning white.
On the basis of the above, it is concluded that the normal
valency of zinc ions does not change during anodic dissolution in
nitrate solutions.

The apparent valency of less than two arises

as a consequence of a partial disintegration of the anode.

The

small metallic particles imbedded in a hydroxide matrix constitute
the dark film which flakes off into the electrolyte where the zinc
particles react with the oxidizing agent.

The dissolution of zinc

outside the electrical circuit thus accounts for the lower coulombic
equivalent.
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VI.

APPENDIX
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Materials
The following is a list of the major materials used in
this investigation.
1.

Acid, (Ethylenedinitrilo) tetraacetic, Disodium salt.

Reagent grade.
2.

Distillation Products, Rochester 3> N.Y.

Mercury*

Redistilled.

Fisher Scientific Company,

Fair Lawn, N.J.
3*
cations.

Potassium Chloride.

Allied Chemical Corporation, New York, N.Y.
Potassium Nitrate.

cations.

Reagent grade, meets ACS specifi

J.T. Baker Chemical Co., Phillipsburg, N.J.

5 . Potassium Sulfate.
cations.

Reagent grade, meets ACS specifi

Reagent grade meets ACS specifi

J.T. Baker Chemical Co., Phillipsburg, N.J.
6.

Zinc.

99*99 percent purity, obtained by Dr. M.E.

Straumanis from American Smelting and Refining Company, South
Plainfield, New Jersey.
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Apparatus

Mounting and Surface Preparation of Zinc Specimens
1.

Belt Surfacer.

2.

Hand Grinder.

Buehler No. 1250, Buehler Ltd., Evanston,

111.
Handimet, k stage, Buehler No. 1^70,

Buehler Ltd., Evanston, 111.
3.

Centermet Press.

One-inch mold, Buehler No. 1305>

Buehler Ltd., Evanston, 111.

Constant Temperature Bath Apparatus
1.

Heater. Immersion.

115v, 500w,ac, Central Scientific

C o ., Chicago, 111.
2.

Motor, Stirrer.

Pensky-Martins Motor Stirrer, 115v,

60c, ac, Fisher Scientific Co., Pittsburg, Pa.

3 . Switch. Relay. Type SR600A, 115v, ac, Philadelphia
Scientific Glass, Quakertown, Pa.
k.

Thermoregulator.

Type SE-712, Philadelphia Scientific

Glass, Quakertown, Pa.

Electrolysis Apparatus
l.

Ammeter. Model 931, Weston Electric Instrument Corp

orations , Newark, N.J.
2*

Cells. Dry.

General purpose, 1.5 v.

3 . Motor, Stirrer (Reactor).

Fultork Labmotor, 115 v,

60 c, ac, Fisher Scientific Co., Pittsburg, Pa.
Resistance Box.

Decade type, Graduated from 0 to 9999

ohms in 1 ohm divisions, Central Scientific Co., Chicago, 111.

Miscellaneous Special Equipment
1.

Beakers, Pyrex.

250* ^00, and 600 ml capacity.

2.

Burette, Micro.

Shelback, 10 ml, 0.05 ml graduations

Fisher Scientific Co., Pittsburgh, Pa.
3.

Pipettes.

2 and 100 ml.
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Miscellaneous Experimental Procedures
Standardization of Disodium E.D.T.A.
The procedure for this part of the experimentation follows
as a step-by-step operation.
1.

Accurately weigh out approximately two-tenths of a gram
of pure zinc.

2.

Transfer to a 250 ml beaker

and dissolve in HgSO^ (1M).

3«

Transfer to a 100 milliliter volumetric flask and dilute
to mark; mix thoroughly.

4.

Withdraw 2 ml aliquot by means of a pipette.

5 . Dilute to 200 ml with distilled water and heat to about
80° C.
6.

Add 10 ml pH 10 buffer solution.

7.

Add one drop of Erichrome Black-T indicator solution.

8.

Titrate with 0.05 M disodium E.D.T.A. in a micro burette
until one drop turns solution blue.

9.

Determine the zinc equivalent of the disodium E.D.T.A. solution
(gm zinc/ml).

Surface Preparation of Zinc Specimens
The following procedure was used for the zinc metal surface
preparation.
1.

Remove all pits and etched places from the surface with
a belt surfacer equipped with a No. 150 grit abrasive
cloth belt.

Dip in water after each few seconds of

grinding to prevent heating that would ruin the lucite
mounting•
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2#

Finish the sample surface on a water-flushed four-stage
hand grinder equipped with numbers 240,

320, 400, and 600

abrasive strips, proceeding from the coarsest to the
finest.

This operation should give a perfectly flat

surface, containing no scratches, and appearing to be
polished when examined by the eye.

Prevent surface

from coming in contact with anything (especially finger
tips) that might leave a grease film.
Qualitative Test for Nitrite Ion
1.

Acidify one ml of test solution with 6 M acetic
acid.

Add one drop of sulfanilic acid (cone.) and

a drop of a 20 percent solution of alpha-naphthylamine.
2.

A red color shows the presence of nitrites.
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X,

ADDENDUM

Zinc was dissolved anodically in 3 percent potassium nitrate
at 51° C.

Electrolysis was carried out at a current intensity of

0.050 amps per 1.44 square centimeters surface area for a time
interval of i860 seconds.

The same procedure and equipment were

used as described on pages

7 and 8 .

The amount of nitrite ion formed during two separate runs
was determined by titration with 0.0455 N KMnOj^ and found to be
0.00440 and 0.00455 grams (Average = 0.00447).

From the data shown

in Table IX, page 27 > the weight of zinc determined experimentally
is in excess of the amount calculated from the coulombic data by
0.00633 grams.

If equation 9> page 32 holds, each atom of zinc

produces one nitrite ion.

Thus O.OO633 grams of zinc should

produce an equivalent amount of nitrite ion.

This can be expressed

as follows:
Wt. Nitrite ion = (Wt. z i n c / ^ t ^ W t . ^ f L )
= (0.00633)(£ 5738) =

0 .0 0 ^ 5 gm

Therefore the reducing power of the corrosion product,
causing the reduction of nitrate to nitrite ions, can be attributed
to metallic zinc particles which are dissolved outside the elec
trical circuit.

